This study investigated the mechanism by which activated carbon removes trichloramine, a byproduct of water treatment that has a strongly offensive chlorinous odor. A stoichiometrical mass balance for 15 N before and after activated carbon treatment of laboratory-prepared 15 N-labelled trichloramine solutions clearly revealed that the mechanism of trichloramine removal with activated carbon was not adsorption but rather reductive decomposition to nitrogen gas. There was a weak positive correlation between the surface decomposition rate constant of trichloramine and the concentration of basic functional groups on the surface of the carbon particles, the suggestion being that the trichloramine may have been reduced by sulfhydryl groups (-SH) on the activated carbon surface.
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Introduction
Handling customers' complaints and dissatisfaction regarding the taste and odor of tap water are important issues that practitioners in drinking water treatment plants sometimes face. Chlorinous odor is the leading cause of dissatisfaction among persons who drink water in regions where chlorination or chloramination is employed for disinfection of drinking water (Piriou et al. 2004) . Trichloramine (NCl 3 ) and dichloramine (NHCl 2 ) are recognized as the compounds that cause the chlorinous odor in tap water; trichloramine causes a much stronger chlorinous odor than dichloramine (Kranser and Barret 1984) . Trichloramine is formed mainly by the reaction between ammonium ions, which are present in raw sources of drinking water, and the chlorine used for disinfection. The removal of ammonium ions before the chlorination process is one strategy for mitigating the problem of trichloramine formation. Water treatment involving slow sand filtration (Štembal et al. 2005) or activated carbon (Andersson et al. 2001 ) are examples of biological methods used to remove ammonium ions. However, the activity of nitrifying microorganisms is reduced by low water temperatures, and in cold regions or during the winter nitrification becomes small to remove ammonium ions efficiently. To solve the trichloramine formation problem when the water temperature is low, treatment technologies that are independent of biological activity are required.
Treatment with activated carbon is the traditional method used to remove dichloramine and monochloramine (NH 2 Cl) in water treatment (Bauer and Snoeyink 1973, Snoeyink and Suidan 1975) . However, sufficient removal requires a very long contact time with the carbon. For example, almost 2 d (45 h) is required to remove dichloramine by using powdered activated carbon (PAC) with diameters of 149-177 µm (Bauer and Snoeyink 1973, Snoeyink and Suidan 1975) . Therefore, although PAC treatment is a simple process, its slow removal rate detracts from its application as a technology for drinking water treatment. Decreasing the size of the activated carbon particles generally enhances the removal rate achieved with activated carbon, because size reduction increases the specific surface area (surface area per unit weight of activated carbon). However, the technology of pulverizing activated carbon particles has typically produced particles no smaller than 5 µm in diameter (Matsui et al. 2008) .
Recently, our research group developed a way to produce super fine activated carbon particles (SPAC) with diameters less than 1 µm by pulverizing conventionally sized PAC. We have reported highly improved adsorptive uptake rates of natural organic matter (NOM) (Matsui et al. 2005 ) and of compounds that produce earthy-musty odors (Matsui et al. 2007 , Matsui et al. 2009 ). We hypothesized that treatment with SPAC may also be an effective way to remove trichloramine efficiently. A preliminarily study conducted by our research group actually found that SPAC was superior to PAC for removal of trichloramine and dichloramine (Matsui et al. 2008) . However, sufficient studies have not been conducted on the effects of water temperature and SPAC characteristics on trichloramine and dichloramine removal.
In general, an important characteristic of activated carbon is its high adsorption affinity and high capacity to adsorb various target compounds to be removed from raw drinking water sources. Activated carbon has therefore been widely used in drinking water treatment plants for a long time to reduce contaminant levels of NOM (Çapar and Yetış 2002) , earthy-musty odor compounds (Herzing et al. 1977) , and pesticides (Robeck et al. 1965) . In contrast to the adsorptive removal of these compounds, the removal of dichloramine and monochloramine by activated carbon has been reported to be due to reductive decomposition of these compounds on the surface of the carbon (Bauer and Snoeyink 1973, Snoeyink and Suidan 1975) . It has been speculated that dichloramine reacts with functional groups located on the internal surfaces of activated carbon particles and is then reduced to nitrogen gas (Bauer and Snoeyink 1973, Snoeyink and Suidan 1975) . However, no direct evidence for the reductive decomposition of dichloramine has been presented so far. The mechanism of trichloramine removal by activated carbon is also unclear.
The objectives of this study were 1) to provide direct evidence of the trichloramine removal mechanism involving reductive decomposition of trichloramine to nitrogen gas by activated carbon and 2) to model the effect of water temperature on trichloramine removal. The removal mechanism was investigated by 1) comparing the masses of 15 N before and after treatment of laboratory-prepared, 15 N-labelled trichloramine solutions, 2) comparing the trichloramine removal performances of activated carbon substrates with various surface characteristics, and 3) modeling the process of trichloramine removal at different temperatures in a diffusion-reaction system. Simulating the effect of water temperature enabled us to judge whether SPAC treatment could be a practical way to control chlorinous odors at low water temperatures.
Materials and Methods

Activated carbon
Seven commercially available PACs (four wood-based, two coconut-shell-based, and one coal-based PAC) were obtained from manufacturers (Table 1) . These were pulverized to superfine particles (SPAC) with a wet bead mill (Metawater Co., Tokyo, Japan). The carbons were stored as slurries at 4 ºC prior to use.
Preparation of trichloramine and 15 N-labelled trichloramine solutions
Trichloramine was prepared according to the method reported by Kosaka et al. (2010) . Phosphate buffer (pH 7.0, 5 mM sodium phosphate) was prepared with Milli-Q water (Milli-Q Advantage, Millipore Co., Bedford, MA, USA) and then supplemented with 0.25 mg-N/L ammonium chloride at room temperature. The solution was further supplemented with 4 mg-Cl 2 /L of sodium hypochlorite and mixed at 400 rpm for 30 min with a magnetic stirrer.
The solution was allowed to stand for 1.5 h at a room temperature of about 20 ºC and then stored overnight at 4 ºC in the dark. The resulting solution contained approximately 0.2-0.4 and 1.5-2.0 mg-Cl 2 /L of trichloramine and residual free chlorine, respectively, the trichloramine concentrations being one order larger than those reported in tap waters (<0.015−0.046 mg-Cl 2 /L) (Kosaka et al. 2010 N-labelled trichloramine, was transferred to the lower chamber of a glass vessel with separable upper and lower chambers. The lower chamber was tightly sealed with a separator made of aluminum foil (Fig. 1A ). The gas in the upper chamber of the vessel was replaced with Ar gas. To purge 15 N 2 dissolved in the solution into the gas phase, the solution was intensely mixed for 20 min with the gas phase after the separator was removed and was then kept in a stationary mode for 30 min (Fig. 1B ). An aliquot of the gas was withdrawn from the upper chamber to measure the 15 N 2 concentration (Fig. 1C) . The same steps corresponding to Figure 1A -C were repeated ( Fig. 1D-F completely from the solution. An aliquot of the solution was withdrawn from the lower chamber ( Fig. 1G ) to measure the initial concentrations of chloramines, and then an aliquot of phosphate buffer with the same volume as the aliquot that had been withdrawn was added to the solution to ensure that there was no head space between the surface of the solution and the separator. Trichloramine was quantified by headspace gas chromatography/mass spectrometry (HS-GC/MS) as described below. The solution was supplemented with 3 mg/L of SPAC (wood-1) (Fig. 1H ), tightly sealed with the separator, and then mixed for 10 min with a magnetic stirrer (Fig. 1I ). During the mixing, the gas in the upper chamber was replaced with Ar gas (Fig. 1J ). An aliquot of the gas in the chamber was withdrawn to measure the initial concentration of 15 N 2 . After 10 min of mixing, the separator was removed. The liquid phase was intensely mixed with the gas phase for 20 min and then left in a stationary mode for 30 min to allow any 15 N 2 gas generated by the reaction between trichloramine and the SPAC to transfer to the gas phase from the solution (Fig. 1K ). An aliquot of the gas phase was withdrawn from the upper chamber to measure the 15 N 2 concentrations (Fig. 1L) . To measure the chloramine concentrations, an aliquot of the solution was withdrawn ( Fig.   1M ) and then filtered through a membrane filter (φ = 0.2 μm, PTFE, Toyo Roshi Kaisha, Ltd., Tokyo, Japan) to remove any SPAC particles. This experiment was conducted at 20 °C three times: these replicates are designated as Experiments 1, 2, and 3.
Batch decomposition of trichloramine with SPACs
The trichloramine solution was transferred to a one-liter glass beaker. The HS-GC/MS analysis of trichloramine (Kosaka et al. 2010 ) was carried out as follows: separation was (J) Ar gas replacement followed by gas sampling 
Measurement of physicochemical properties of SPACs
Particle size distributions of activated carbons were determined with a laser diffraction and scattering instrument (Microtrac MT3000 II, Nikkiso Co., Ltd., Tokyo, Japan). The median particle diameter (D 50 ) was calculated from the particle size distribution.
Specific surface areas and pore size distributions of the SPACs were analyzed by nitrogen gas adsorption at 77 K with an automated gas sorption analyzer (Autosorb-iQ-MP; Quantachrome Instruments, Boynton Beach, FL, USA). Specific surface area (S BET ) was determined by using the BET (Brunauer-Emmett-Teller) method. Pore size distributions were determined by a combination of two widely accepted models: the DFT (Density Functional Theory) model for the pore size distribution of micropores (<2 nm) and the BJH (Barrett-Joyner -Halenda) model for mesopores and macropores (>2 nm). Elemental analysis of the SPACs was carried out with an elemental analyzer (Vario EL III, Elemental Analysensysteme GmbH, Hanau, Germany).
Surface acidity and basicity of the SPACs were determined by using the Boehm titration method (Boehm 1994 (Boehm , 2002 ) with some modifications. SPACs were dried at 105 ºC for 12 h in a drying oven. After cooling, an aliquot of 200 mg of the SPAC was transferred to a test tube, and 10 mL of 0.05 M sodium hydroxide (NaOH) or hydrogen chloride (HCl) was added. The suspension was placed under vacuum for 1 h to remove any air from the pores and then vortexed intensely for 24 h to allow the surface functional groups of the SPAC to react with the base or acid.
After vortexing, the suspension was filtered through a membrane filter to remove any SPAC particles. Aliquots (5 mL) of the filtrate were transferred to beakers, and then an aliquot of 15 mL of 0.05 M HCl or NaOH was added to each filtrate of the NaOH-treated or HCl-treated SPACs, respectively. The acidic or basic filtrates were neutralized by back titrating with NaOH or HCl, respectively.
The zeta potential of the SPACs was measured with a dynamic, light-scattering, laser zeta potential analyzer (Zetasizer Nano ZS, Malvern Instruments Ltd., Malvern, UK) in the same phosphate buffer used for the preparation of the trichloramine solutions. The isoelectric point (IEP) was determined by measuring the zeta potential of the SPACs as the pH of the solution was changed.
The pH at the point of zero charge (pH pzc ) indicates the condition of the surface of the activated carbon when it has no net charge in solution. The initial pH was adjusted to the range 2-8 by adding 0.1 M HCl or NaOH to 50 mL of 0.01 M sodium chloride (NaCl). An aliquot of 150 mg of SPAC was added to each of the different pH solutions, and the solutions were agitated for 48 h. The equilibrium pH was plotted against the initial pH. The pH pzc was the initial pH that was identical to the equilibrium pH (Noh and Schwarz 1990) .
Theoretical analysis
When the size distribution of adsorbent particles is taken into consideration, the mass balance for an adsorbate in a batch container is described by the following equation:
(1)
For highly adsorbent substrates, intraparticle migration of the adsorbate is mainly the result of surface diffusion, because most of the adsorbate particles adsorb onto the surface of the adsorbents, and the fraction of the adsorbate in the liquid phase of the pores is negligibly small. The large K ow of trichloramine (-1.6 calculated with Estimation Programs Interface Suite software, United States Environmental Protection Agency), however, suggests that it is very unlikely to adsorb to activated carbon. Surface diffusion is therefore not expected to account for most intraparticle migration of trichloramine. Instead, radial mass transport of trichloramine molecules occurs in the liquid phase within the pores by pore diffusion. We have assumed that the trichloramine decomposition that occurs on the surface of pores in carbon particles follows first-order reaction kinetics. Finally, the rate of change of the liquid phase concentration of trichloramine in pores is described by the following equation:
The mass balance of trichloramine with respect to a carbon particle is described by equating the rate of change of the amount of trichloramine in a carbon particle, the rate of mass transfer from the external particle surface to the inside of the particle, and the rate of decomposition of trichloramine as follows:
The particle size distribution was approximated by a discrete density function. The set of model equations was converted into a set of ordinary differential equations with respect to time t using the method of orthogonal collocation. The resulting equations were solved as a system of ordinary differential equations by the Gear's stiff A single pore diffusion coefficient (D p ) at a given water temperature was used, irrespective of carbon particle size. Mass transfer across the liquid film external to the adsorbent particle surfaces cannot be the rate-determining step in well mixed reactors (Sontheimer et al. 1988) , and resistance to such mass transfer was therefore neglected.
For purposes of modeling mass transfer in the model simulations, the liquid film mass transfer coefficient (k F ) was set to 0.1 cm/s. Coefficients larger than this value produced the same simulated trichloramine concentrations, the indication being that the k F value did not limit the rate of decomposition of trichloramine by PAC.
Results and discussion
15 N mass balance experiments
After the 15 N-labelled trichloramine solution was intensely mixed with the gas phase in order to purge the 15 N 2 gas that had been produced during the preparation of the 15 N-labelled trichloramine solution by the reaction of 15 N-labelled ammonium ions with chlorine, 15 N 2 was detected in the gas phase (Fig. 1C ) at 110-192 ppm. However, no 15 N 2 gas was detected (<1.4 ppm) in the gas phase (Fig. 1F) after the solution was again intensely mixed with the gas phase. Therefore After addition of the SPAC and mixing of the trichloramine solution, none of chloramines was detected in the solution (Fig. 1M) , the indication being that the 15 N-labelled trichloramine was completely removed by the SPAC.
In contrast, 15 N 2 gas was detected in the gas above the solution, which had been in contact with the solution (Fig.   1L ). The 15 N 2 concentrations in the gas phase were 51, 52, and 78 ppm, equivalent to 9.5, 9.6, and 14.4 µg- been removed by the SPAC. Moreover, the amounts of nitrogen detected in the gas phase were almost the same as those previously present in the 15 N-labelled trichloramine solutions. This result clearly demonstrates that trichloramine was reductively decomposed to nitrogen gas by activated carbon treatment.
It is well known that activated carbon can reductively decompose free chlorine to chloride ions (Giles and Danell 1983 , Snoeyink and Suidan 1972 , Suidan et al. 1977 . Activated carbon has also been reported to reductively decompose bromate (Bao et al. 1999 , Siddiqui et al. 1996 and chlorite (Gonce and Voudrias 1994, Voudrias et al. 1983 ). Snoeyink and his research group (Bauer and Snoeyink 1973, Snoeyink and Suidan 1975) have stated that dichloramine is reduced to nitrogen gas by contact with activated carbon as follows:
where C* and C*O represent a reductive functional group on the surface of an activated carbon particle and a surface oxide on the carbon surface, respectively. Likewise, we hypothesized the following reaction for the reductive decomposition of trichloramine to nitrogen gas:
where C* and C*O have the same meaning as in Eq (4). Alternatively, trichloramine may be firstly reduced to dichloramine (Eq. (6)), and then dichloramine is reductively decomposed to nitrogen gas (Eq. (4)). Figure 3 shows the change in the trichloramine residual ratio with time during contact with SPAC (wood-1). The trichloramine concentration did not decrease with time in the control experiments without PAC dosing (black diamonds), the implication being that the float lid caused the vaporization of trichloramine to be negligibly small in our experimental setup. In contrast, the trichloramine residual ratio decreased with time after the addition of SPAC and declined to approximately 0.05 within 60 min at 20 ºC (black circles in Fig. 3 ). Snoeyink and his research group have reported that the time required for sufficient removal of dichloramine by addition of PAC with diameters of 149−177 µm was 45 h (Bauer and Snoeyink 1973, Snoeyink and Suidan 1975) . In contrast to their results, the time required for trichloramine removal with SPAC in the present study was quite short, most likely a consequence of the increase of the surface area due to the pulverization of commercially available PAC into very fine particles.
Effect of water temperature on trichloramine removal
When the water temperature decreased to 5 ºC, the trichloramine residual ratio increased to approximately 0.3 after 60 min of contact time (white circles in Fig. 3 ). When the water temperature was decreased to 1 ºC, the residual ratio was increased even further (gray circles in Fig. 3 ). Trichloramine removal with PAC was therefore suppressed at low water temperatures.
One possible explanation for the increase in the trichloramine residual ratio is the decrease of the intraparticle mass transfer rate of trichloramine molecules with decreasing water temperature. The pore diffusion coefficient of trichloramine (D P , with dimensions of cm 2 /s) can be expressed as a function of its diffusion coefficient in water as follows: (7) where ε and χ are the porosity and tortuosity (both dimensionless) of the carbon, respectively, and D A is the diffusion coefficient of trichloramine in water. D A can be determined with the following equation (Hayduk and Laudie 1974) : (8) where η W is the viscosity of water (cp), and V' B is the LeBas molar volume of trichloramine (cm 3 /mol). The pore diffusion coefficient is therefore a function of the viscosity of water, which depends on the temperature of the water.
The pore diffusion coefficient therefore depends on the water temperature. The D P values were calculated to be 1.18 × 10 -6
, 7.37 × 10 -7 , and 6.37 × 10 -7 cm 2 /s at temperatures of 20, 5, and 1 °C. The fact that the D P value decreased To elucidate the effect of the pore diffusion coefficient on trichloramine removal, simulations were conducted by using the diffusion-reaction model (Eqs. (1-3) ). In the simulation, the surface decomposition rate constant of trichloramine (k NCl3 ), the unknown model parameter, was estimated by determining the value that produced the best fit to the experimental data. In the first simulation (Simulation 1), the value of k NCl3 was assumed to be independent of water temperature. As a result, the calculated trichloramine decay curves were almost the same for the three different water temperatures and did not provide a good description of the experimental data (Fig. 3a) . The model simulation clearly showed that the differences in diffusive mass transfer rates associated with the differences in water temperatures did not contribute to the differences in trichloramine removal. Therefore, the rate of pore diffusion did not limit the rate of trichloramine removal with SPAC.
Another possible temperature effect would be a temperature-dependent change in the rate of reduction of trichloramine. Chemical reactions are well known to be sensitive to temperature. In the second simulation (Simulation 2), the k NCl3 values were determined separately by curve fitting at each water temperature. The simulation successfully characterized the observed trichloramine decay curves (Fig. 3b) . The k NCl3 values that gave the best fits were 6.5 × 10 , and 2.3 × 10 −5 cm/s at 20, 5, and 1 °C, respectively. Hence the surface decomposition rate constant of trichloramine decreased with a decrease in water temperature. The increase of the trichloramine residual ratio with decreasing water temperature was therefore attributable to the temperature dependence of the rate constant for the reductive reaction of trichloramine with PAC rather than to a temperature dependence of the diffusive mass transfer rate. The temperature dependence of a reaction rate constant is usually expressed by the Arrhenius equation , Song et al. 2014 , von Rohr et al. 2014 . The fact that the k NCl3 values determined in the present study at three different water temperatures were well described by the equation (r 2 = 0.998) (data not shown) supports the validity of our calculation.
Biological treatment, the conventional method for the control of ammonium nitrogen, the major trichloramine precursor, is not expected to produce satisfactory results at low temperatures unless the water is warmed to a temperature better suited for microbiologically mediated nitrification. In contrast, SPAC treatment was found to be only slightly less effective in removing trichloramine at low water temperatures. At low temperatures, SPAC treatment still resulted in the decomposition of trichloramine. Accordingly, an increase in the SPAC dose could result in adequate removal of trichloramine even at low water temperatures. Modifying the SPAC dose based on the water temperature would therefore be very important for effective removal of trichloramine from drinking water at treatment plants and might sometimes require intervention by on-site engineers. However, SPAC treatment is a method for removing trichloramine from finished water that could be superior to traditional biological treatment in terms of the countermeasures required at low water temperatures. Figure 4 shows the changes in the residual ratio of free chlorine with SPAC contact time. The free chlorine concentration decreased slightly with time, in agreement with the results reported in a previous paper (Snoeyink and Suidan 1972) . However, the extent of decrease was quite small compared with the decrease of trichloramine at any water temperature tested. This result means that SPAC treatment could decompose trichloramine selectively, even when trichloramine and free chlorine are present simultaneously in the water. The fact that the strong disinfection capability of residual free chlorine could be retained even after effective removal of trichloramine by SPAC treatment is of great relevance to the treatment process.
Effects of carbon characteristics on trichloramine removal
Trichloramine decomposition experiments were conducted by using seven different SPACs at 20 ºC, and the same methodology used in Simulation 2 was carried out to analyze the experimental results and to obtain the surface decomposition rate constants of trichloramine by the SPACs. Figure 5 shows the surface decomposition rate constants of trichloramine in the presence of the SPACs that we tested. The surface decomposition rate constants of trichloramine tended to be larger for the wood-based SPACs than for the coconut-shell-based and the coal-based SPACs. However, the surface decomposition rate constants of the wood-1 and -4 SPACs were similar to the rate constant of the coconut-1 SPAC. Thus, the differences in surface decomposition rates were not simply explained by the differences in the raw materials used to make the SPACs. To explain the differences in the surface decomposition rates, the physicochemical properties of the SPACs were analyzed and then compared with the surface decomposition rate constants. Table 2 summarizes the correlation coefficients between the trichloramine surface decomposition rate constants and the characteristics of the carbon used to make the SPACs. A weak positive correlation was observed between the surface decomposition rate constant and the equivalent concentration of the basic functional groups (r 2 = 0.37), whereas a moderate negative relationship was observed between the rate constant and the equivalent concentration of the acidic functional groups (r 2 = 0.46). Although the correlations were not so strong, the fact that the positive correlation was observed for the basic functional groups suggests that trichloramine was likely decomposed with the basic functional groups on the surface of the SPACs. Siddiqui et al. (1996) have reported that bromated compounds are reductively decomposed with PAC, and that the removal of bromated compounds is highly correlated with the number of basic functional groups on the surface of a PAC, a result consistent with our results for trichloramine. The surface properties of activated carbon are influenced to a large extent by the foreign elements fixed on the surface, which affect the behavior of the carbon in practical applications (Boehm 1994) . The acidic functional groups on activated carbons have been well characterized. Representative examples include carbonylic, carboxylic, phenolic, hydroxylic, lactonic and, quinonic groups (Boehm 1994 (Boehm , 2002 . In contrast, the basic functional groups have not been well characterized, and their identity is still being investigated. A pyrone-type structure has been proposed as one of the possible representatives of the basic functional groups (Boehm 2002) .
Sulfur is easily affixed to the surface of carbon during manufacturing of activated carbons (Donnet 1968) , and sulfhydryl groups (-SH) and disulfide (-S-S-) groups have been reported to play a role in the reduction of bromated compounds on the activated carbon surface (Siddiqui et al. 1996) . Trichloramine may be reduced by the sulfhydryl group located on the surface of the activated carbon particles, because the sulfhydryl group is known to act as a soft base (Ho 1975 ) as well as a reductant. The fact that hypochlorous acid (Pereira et al. 1973 ) and monochloramine (Jacangelo et al. 1987) have been reported to easily react with and to be oxidized by the sulfhydryl group in cysteine supports our hypothesis. To test the hypothesis, the sulfur content of the activated carbon was measured with an elemental analyzer, but no correlation was observed between the surface decomposition rate constant and the sulfur content (r 2 = 0.13). Whereas the Boehm titration method employed for the quantification of the number of functional groups in the present study determined the concentration of functional groups on the surface of the pore walls of the activated carbon, elemental analysis using the elemental analyzer quantified the total number of sulfur atoms, not only on the surface but also within the interior of the activated carbon particles. The fact that no relationship was observed between trichloramine removal and sulfur content may be attributable to the difference between the concentration of functional groups on the surface and within the interior of the activated carbon particles. Elemental analysis may not directly reflect the characteristics of the surface of the pore walls, which must play an important role in the reduction reaction mediated by the activated carbon. Alternatively, the surface of the activated carbon may also have sulfur-containing functional groups in addition to the sulfhydryl group, but some of them may not play a role in the reduction of chloramine. Further study is needed of the sites of the reduction reaction on the carbon surface. Additionally, there were of course a finite number of reduction reaction sites on the carbon surface. The reduction reaction sites may be exhausted when a large amount of trichloramine and/or oxidizing agents is applied relative to the carbon dose. In the future, the consumption of reduction reaction sites on the carbon surface may therefore need to be taken into consideration in the diffusion-reaction model for more accurate prediction of trichloramine removal with activated carbon. In other words, the first-order reaction kinetics that were assumed as a first step in the present study may need to be modified.
A moderate positive correlation was observed between the surface decomposition rate constant and pH pzc (r 2 = 0.56): the higher the pH pzc of the activated carbon, the larger the surface decomposition rate constant. The pH pzc value has been reported to become smaller when the surface of the activated carbon becomes oxidized (Faria et al. 2004, Noh and Schwarz 1990) . Accordingly, activated carbon particles whose surfaces are less oxidized are likely to possess a greater ability to remove trichloramine. This observation is consistent with our finding that trichloramine was reductively decomposed to nitrogen gas by contact with activated carbon particles.
Conclusions
1. Stoichiometric analysis with 15 N-labelled trichloramine clearly revealed that trichloramine was reductively transformed into nitrogen gas by contact with PAC.
2. The weak positive correlation observed between the surface decomposition rate constant of trichloramine and the concentration of basic functional groups suggested that trichloramine was reduced by the sulfhydryl groups (-SH) located on the surface of the activated carbon particles.
3. SPACs with a median diameter of ≈0.5 µm quite effectively decomposed trichloramine; approximately 300 µg-Cl 2 /L of trichloramine was decomposed to a residual ratio of <0.05 within 60 min by addition of 1 mg/L of SPAC.
4. The residual ratio of trichloramine after SPAC dosing increased at low water temperatures (1−5 ºC), but the SPAC still decomposed trichloramine at a rate that was practical for water treatment. Theoretical analysis with the diffusion-reaction model revealed that the increase in the trichloramine residual ratio with decreasing water temperature was attributable to the temperature dependency of the reaction rate constant rather than to the temperature dependence of the rate of diffusive mass transfer.
5. SPAC could decompose trichloramine selectively, even when trichloramine and free chlorine were present simultaneously in the water. The fact that free chlorine was still present, even after trichloramine was effectively decomposed by the SPAC, indicated that the strong disinfection capability of free chlorine was retained even after the SPAC treatment.
